ABSTRACT: Eu(III) adsorption by eggshell from aqueous solutions was studied as a function of contact time, initial metal ion concentration and temperature through batch experiments. Analysis and discussions of possible mechanisms are included in the light of a comparison of currently known equilibrium adsorption models, kinetic models and thermodynamic parameters in open specialized literature. The experimental data fit very well with the Langmuir-Freundlich isotherm and the pseudo-second-order kinetic models. For thermodynamic considerations in terms of adsorption, the thermodynamics parameters ∆H°, ∆S°and ∆G°were evaluated, and the results indicated that the Eu(III) adsorption on eggshell is an endothermic and spontaneous process. These results show that eggshell is an effective, low-cost and widely available adsorbent in the field of lanthanide removal from aqueous solutions.
INTRODUCTION
The eggshell, with its intrinsic pore and lamellar layer structure, represents 11% of the total weight of an egg, and is principally composed of crystalline calcite (calcium carbonate) (96%), as well as magnesium carbonate (1%), calcium phosphate (1%) and organic matter (4%) (Rivera et al. 1999) . According to the Mexican Union of Poultry Farmers, egg production reached more than 2.6 million tons during 2012, and eggshells are basically useless after consumption of eggs and their derivates. Therefore, it can be considered an industrial organic waste residue of low cost and as a promising bio-adsorbent for wastewater treatment due to its structure and textural properties. In early works, the adsorption properties of eggshell have been tested for dyes (Arami et al. 2006; Tsai et al. 2006; Chowdhury et al. 2013 ) and for several non-rare earth elements (Chojnacka 2005; Yeddou and Bensmaili 2007; Abdel-Jabbar and Al-Asheh 2009; Ahmad et al. 2012 ) from aqueous solutions, suggesting that these adsorption systems in general should be dependent on both the nature of the adsorbent and the aqueous chemical species in solution.
Europium is used mainly in the manufacture of cathode ray tubes, fluorescent lamps and screens for X-rays, and in the nuclear industry, it is used as an absorbent of neutrons for the extinction and control rods of reactors. The isotopes of this element are considered toxic to humans (Bünzli and Choppin 1989) . Indeed, europium adsorption on several materials is now well understood (Texier et al. 2002; Diniz and Volesky 2005; Misaelides et al. 2006; Chen et al. 2009; Fan et al. 2009; Shao et al. 2009; Granados-Correa and Jiménez-Reyes 2011; Sun et al. 2012a, b; Xu et al. 2012; Yang et al. 2012; Granados-Correa et al. 2013b; Yang et al. 2013) . Recently, it was found that Eu(III) ions are efficiently retained by barium carbonate (Granados-Correa and Jiménez-Reyes 2011) and calcium hydroxyapatite (Granados-Correa et al. 2013b) . To our knowledge, no work has been reported on the adsorption of Eu(III) on eggshell.
This study was dedicated (i) to the physicochemical characterization of the eggshell powder; (ii) to the description of the Eu(III) adsorption process from aqueous solution onto hen eggshell and (iii) to evaluation of the sorbent potential of this biological waste material for REE, taking europium as a typical example.
EXPERIMENTAL ANALYSIS

Sample Preparation and Characterization of Eggshell
The surfaces of white eggshells were mechanically cleaned with distilled water several times. They were then dried overnight in an oven at 80 °C, ground with an electric agate mortar and sieved to obtain a homogeneous powder of geometrical particle size of 50-300 µm. The resulting dry material, eggshell and membrane, was characterized and used for measuring its adsorption capacity for Eu(III) from aqueous solution. The X-ray powder diffraction (XRD) pattern of dry samples was obtained using a Siemens D-5000 diffractometer coupled to a copper anode tube. The K Al radiation (α = 1.54186 Å) was selected with a diffracted beam monochromator, and the XRD peaks were measured in the 2θ range of 5°-70°. Phase identification of the compound nature was carried out by the corresponding Joint Committee on Powder Diffraction Standards (JCPDS) files. The N 2 adsorption-desorption isotherms, specific surface area, mean pore diameter and total pore volume of the material were determined with Belsorp-Max equipment, using a multi-point technique; the sample was degasified at 200 °C for 2 hours in vacuum before the measurements were taken. Infrared spectra were recorded using an infrared spectrophotometer (Nicolette 550) using the KBr disc method. The morphology and grain size of eggshell powder were determined using a JEOL-JMS 5900 LV scanning electron microscope at 25 kV. The elemental chemical composition was analyzed by an energy dispersive spectrometer (EDS) connected to this same system. In order to determine other surface characteristics, the point of zero charge (pH zpc ) of the material was obtained by mass titration experiments using a TA Instruments equipment.
Batch Adsorption Experiments
These studies were carried out by batch technique at room temperature and pressure to obtain rate and equilibrium data. The stock solution of Eu(III) was prepared by dissolving a known quantity of Eu(NO 3 ) 3 . 5H 2 O (99.9% Aldrich) in distilled water. Other solutions were prepared by successive dilutions of the stock. For adsorption experiments, the aqueous solutions were buffered at pH 6 with 4-morpholineethanesulphonic acid (MES). Adsorption studies were performed by shaking 10 ml of the aqueous solution [4 × 10 -4 M Eu(III) and 1 × 10 -3 M MES] in closed vials containing 0.1 g of eggshell powder; after a specific contact time, the solid was separated from the liquid by centrifugation (5 minutes at 3000 rpm) and the clear supernatant was analyzed for metal-ion concentration. These measurements were obtained using the xylenol orange method (Mukherji 1996) with a Shimadzu UV-Visible 265 spectrophotometer at a wavelength (λ) of 575.3 nm. All experimental data were considered as the average of duplicate determinations, and a good reproducibility was obtained (standard deviations were usually less than 5% of mean values). The amounts of Eu(III) adsorbed per gram of eggshell sample were determined by the following equation:
(1) where q t and q e are the amount of Eu(III) adsorbed in mg . g -1 at time t or at equilibrium, respectively; C i and C f are the Eu(III) concentration (mg . l -1 ) for initial and final solutions, respectively; V is the volume of the solution (0.01 l), and w is the mass of eggshell (0.1 g). The distribution coefficient K D was calculated as follows: (2) Kinetic data were obtained at various intervals of time (0.25, 0.5, 0.75, 1, 2, 3, 4 and 24 hours) and were evaluated using several models reported in the specialized literature. After fixing the optimal time for equilibrium (2 hours), isothermal and thermodynamic studies were carried out with similar procedures. These data were mathematically treated and discussed as well. Figure 1 shows the XRD pattern obtained. Several fine peaks can be seen, which are characteristic of the crystalline calcite (CaCO 3 ) structure, according to the card JCPDS 01-085-0849. This diffractogram reveals that the compound is pure and completely crystalline. The aforementioned results are consistent with those previously reported (Cain and Heyn 1964) . Figure 2 shows the N 2 adsorption-desorption isotherm obtained for eggshell powder. As can be seen and according to the IUPAC classification, the material presented isotherms of Types II and IV. These isotherm types are usually associated with macroporous and mesoporous materials in which the unrestricted monolayer-multilayer retention can occur. The specific surface area, measured by the N 2 BET method, was found to be 1.09 m 2 . g -1
RESULTS AND DISCUSSION
Eggshell Characterization
; the total pore volume was 0.047 cm 3 . g -1 and the pore diameter was 169.7 nm. These textural properties are different from an eggshell power previously studied (Cain and Heyn 1964) .
Infrared analyses of eggshell powder (Figure 3) show characteristic absorption bands positioned between 3440 and 637 cm -1
. The band at 3440 cm -1 can be attributed to the presence of OH -and N-H groups, whereas the bands at 2362 and 1452 cm -1 are attributed to the carbonyl group stretching (amide) and to the N-H bending, respectively. Bands at 875 and 637 cm -1 correspond to C-H bending and C-O stretching, respectively. These results are in agreement with those previously reported by Tsai et al. (2006) . Other species were not observed in the spectrum.
The results of elemental analyses of the eggshell powder by EDS showed that this material is mainly composed of calcium (43.8 wt.%), oxygen (49.5 wt.%) and carbon (5.6 wt.%); the content of other elements (i.e. H, N and S) is very scarce. The ratio Ca:O is near the stoichiometric ratio of calcium carbonate. Therefore, eggshell powder is almost entirely composed of calcite. obtained by Tsai et al. (2006) , considering both eggshell and eggshell membrane. The pH zpc value obtained for the studied material was 8.2. This result is slightly lower than the value reported in literature for a calcined eggshell (Cain and Heyn 1964) . Figure 5 shows the effect of contact time upon the metal ion adsorption on eggshell powder. As can be seen in this figure, the Eu(III) adsorption occurs more or less quickly: 1 hour is sufficient to achieve equilibrium, and the q max values for 45 minutes ≥ t ≤ 24 hours were 5.88 ± 0.01 mg . g -1 .
Adsorption Kinetics
This behaviour is certainly related to the high dispersion degree of the adsorbent. The rate of adsorption is relevant from the point of view of the process efficiency. In this case, a moderated time is sufficient for the removal of europium (98.07 ± 0.05%) from aqueous solutions, which translates into reduced operating and processing costs.
To investigate the potential rate-controlling steps involved in the Eu(III) adsorption on white eggshell powder at room temperature, several kinetics models were used to fit the data, including pseudo-first-order (Lagergren 1898), Elovich (Peers 1965), pseudo-second-order (Ho and McKay 1999) , and intra-particle mass-transfer diffusion (Weber and Morris 1963). For the two first models, R 2 values were ≤ 0.97 and the best fitting (R 2 > 0.99) was obtained by the pseudo-secondorder equation (Table 1 and Figure 5 ). This model is based on the assumption that the rate-limiting (t = 0.75-24 hours) R 2 = 0.7 step may be chemisorption involving valence forces through sharing or exchange of electrons between the adsorbent and the adsorbate. The results corresponding to the intra-particle mass-transfer diffusion model are included in Table 1 and Figure 6 . The first linear portion corresponds to the macropore diffusion and because C = 0, the boundary-layer effect can be considered as minimal for t ≤ 1 minute. The second portion describes the micropore diffusion before equilibrium is attained. Both macropore and intraparticle mass transfer diffusion are fast for Eu(III). Finally, the third horizontal line describes the equilibrium condition, where C = q max .
Adsorption Isotherms
Equilibrium distribution of Eu(III) between the liquid phase and the solid adsorbent phase (eggshell powder) was studied as a function of initial europium concentration (from 2 ×10 -4 to 1.6 × 10 -3 mol·l -1
) and pH eq = 6. To fit the experimental data (N = 9), Langmuir, Freundlich and Langmuir-Freundlich models were intended (Table 2) . For linear fitting, Excel program worksheets were used and particularly, for the Langmuir-Freundlich model, iterations were conducted by changing the value of 'n' parameter until obtaining the best fitting. The correlation coefficients for the first two models were 0.91 and 0.95, respectively. Figure 7 and Table 2 show the experimental data fitted to the Langmuir-Freundlich model in whose equation q e (mg . g -1
) is the total amount of europium ions adsorbed; C e (mg . l -1
) is the concentration of the europium ions in the solution at equilibrium, K LF [L (1/n)˙g-1 . mg
] is the equilibrium constant indicative of sorption capacity, and n is an empirical constant. The high correlation value for the Langmuir-Freundlich model (0.993) indicates that the adsorbent material is heterogeneous, because this model is based on the heterogynous character of the adsorption energy of the materials (Tsai et al. 2005) . The value of n = 7.1 is between the interval of 1 and 10; it confirms the favourable conditions of sorption (Tsai et al. 2005) and implies heterogeneous Figure 6 . Amount of REEs adsorbed on eggshell powder (q t ) and fitting of data to the intra-particle mass-transfer diffusion model, both as a function of (contact time) 
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surface structure with minimum interaction between the adsorbed atoms; n parameter values higher than 10 correspond to homogeneous materials (Tsai et al. 2005) . A comparison of the q 0 values with data collected in the literature obtained by means of the Langmuir model for the Eu(III) adsorption on eggshell powder and other sorbents is shown in Table 3 . These data show that eggshell powder exhibits an excellent adsorption capacity towards Eu(III) and that even if the q 0 values for other materials are higher (Diniz and Volesky 2005; Misaelides et al. 2006; Sun et al. 2012b) , the advantages of the material studied here are their availability and low cost. Moreover, regarding the disposal of Eu-loaded eggshell powder, it may be thermally decomposed to Eu-calcium oxide, and this material could be later encapsulated as a borosilicate glass, which is resistant to chemical and environmental damage. Therefore, this material can be useful for removing europium ions from aqueous solutions. Regarding the 898 F. Granados-Correa and M. Jiménez-Reyes/Adsorption Science & Technology Vol. 31 No. 10 2013 Langmuir C e /q e = 0.053 C e + 0.67 q 0 = 18.7 mg . g -1 C e /q e = (1/q 0e ) C e + (1/q 0 )b R L = 0.046-0.006 R 2 = 0.91 Freundlich log(q e ) = 0.38 log(C e ) + 0.49 1/n = 0.38 1nq e = (1/n)1nC e + 1nK F K F = 3.1 l
(1/n).
g -1 mg
(-1/n) R 2 = 0.95 Langmuir-Freundlich 1/q e = 0.62 (1/C e ) 0.14 -0.29 1/n = 0.14 1/q e = (1/K LF )(1/C e 3H 2 O; in addition, hydroxo species Eu(CO 3 )OH and Eu(OH) 3 are formed at pH < 7. Therefore, it is quite possible that europium is on the eggshell powder as a carbonate. These results are in strong agreement with other results about the europium-calcite system (Zavarin et al. 2005) .
Thermodynamic Parameters
To investigate the influences of temperature on Eu(III) adsorption by eggshell powder, batch adsorption experiments, as described previously, were performed at 293, 303, 313 and 323 K. Thermodynamic parameters were deduced based on the dependence of the distribution coefficient K d on temperature. The results show that Eu(III) adsorption proportionally increases with temperature. This is expected because at higher temperatures, cations are moving faster, retarding specific or electrostatic interactions that become weaker and the ions become smaller because solvation is reduced. The standard enthalpy changes for adsorption (∆H°) were estimated from the slope of straight line plot log(K d ) versus 1/T (Figure 8 ), according to the van't Hoff equation (Granados-Correa et al. 2013a) ) at temperature T in Kelvin and R is the ideal gas constant (R = 8.31 × 10 -3 kJ·mol -1
) and ∆S°is the entropy change. The values of ∆H°and ∆S°f or the adsorption of Eu(III) on eggshell powder are given in Table 4 . The positive value of ∆H°i ndicates that the process is of an endothermic nature and being less than 40 kJ . mol -1 is probably due to the physical adsorption (Myers 2002) of the carbonated species. The value of ∆S° (Table   log . et al. (2012) 4) is positive and reveals some structural changes in both adsorbate and adsorbent during the process, causing an increase of disorder in the solid-solution system. This disorder could be the result of extra-translational entropy gained by the water molecules previously adsorbed onto the adsorbent but displaced by metal ions. Changes in standard Gibbs free energy (∆G°) were also evaluated using the following thermodynamic equation:
The values of ∆G°are the fundamental criteria of spontaneity (Table 4) ; their negative values revel that the adsorptions occur spontaneously at each temperature and confirm the thermodynamic feasibility of the adsorption processes. The obtained thermodynamic data provide valuable information about the design of improved adsorption schemes for treating lanthanide ions from waste solutions using eggshell powder. These thermodynamic values are slightly higher than those obtained for the barium carbonate system (Granados-Correa and Jiménez-Reyes 2011).
900
F. Granados-Correa and M. Jiménez-Reyes/Adsorption Science & Technology Vol. 31 No. 10 2013 
CONCLUSIONS
In this study, a biomaterial, eggshell with crystalline calcite structure was used as the adsorbent. The equilibrium of adsorption for Eu(III) occurs more or less quickly: 1 hour is sufficient to achieve equilibrium. The results showed a maximum adsorption efficiency of 18.7 mg . g -1
. The kinetic data corresponded very well to the pseudo-second-order equation. Adsorption amounts for Eu(III) were dependent on temperature. The obtained thermodynamic values showed that the adsorption of Eu(III) on eggshell is endothermic and spontaneous. In addition, the obtained results show that the eggshell is an effective, low-cost and widely available adsorbent (as it is a biological waste material that is abundant in the world) in the field of lanthanide removal from aqueous solution.
